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ABSTRACT
We describe a weak lensing view of the downsizing of star forming galaxies based on cross correlating
a weak lensing (κ) map with a predicted map constructed from a redshift survey. Moderately deep
and high resolution images with Subaru/Hyper Suprime-Cam covering the 4deg2 DLS F2 field provide
a κ map with 1 arcmin resolution. A dense complete redshift survey of the F2 field including 12,705
galaxies with R ≤ 20.6 is the basis for construction of the predicted map. The zero-lag cross-correlation
between the κ and predicted maps is significant at the 30σ level. The width of the cross-correlation
peak is comparable with the angular scale of rich clusters at z ∼ 0.3, the median depth of the redshift
survey. Slices of the predicted map in δz = 0.05 redshift bins enable exploration of the impact of
structure as a function of redshift. The zero-lag normalised cross-correlation has significant local
maxima at redshifts coinciding with known massive X-ray clusters. Even in slices where there are no
known massive clusters, there is significant signal in the cross-correlation originating from lower mass
groups that trace the large-scale of the universe. Spectroscopic Dn4000 measurements enable division
of the sample into star-forming and quiescent populations. In regions surrounding massive clusters of
galaxies, the significance of the cross-correlation with maps based on star-forming galaxies increases
with redshift from 5σ at z = 0.3 to 7σ at z = 0.5; the fractional contribution of the star-forming
population to the total cross-correlation signal also increases with redshift. This weak lensing view is
consistent with the downsizing picture of galaxy evolution established from other independent studies.
Keywords: galaxies: evolution – gravitational lensing: weak – large-scale structure of universe
1. INTRODUCTION
Weak lensing has come of age as a tool for mapping the
large-scale matter distribution in the universe. Wide-
field cameras on 4-8m telescopes have enabled deep, high
quality imaging of large regions of the sky (Heymans
et al. 2012; Jarvis et al. 2016; Miyazaki et al. 2012).
The resulting weak lensing maps trace the projected
foreground matter distribution. Foreground galaxies in
the appropriate redshift window also trace this matter
distribution. Thus comparisons of lensing maps with
maps derived from the galaxy distribution are poten-
Based on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.
youtsumi@hiroshima-u.ac.jp
tially powerful cosmographic probes.
Kaiser et al. (1998) first cross-correlated a weak lens-
ing map of a supercluster with a predicted map based on
the foreground distribution of early-type galaxies. They
demonstrate that the salient features in the weak lensing
map correspond very well with the foreground structure
traced by early-type galaxies. Wilson et al. (2001) ex-
tended this approach to a 0.5×0.5 deg2 field. In this
more general region, their cross-correlation approach
demonstrates the correspondence between the projected
surface mass density revealed by the lensing map and
that predicted from the foreground distribution of early
type galaxies.
More recently Van Waerbeke et al. (2013) and Vikram
et al. (2015) explored weak lensing maps covering more
than 100 square degrees. In both studies, the compari-
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2son maps derived from the foreground galaxy distribu-
tion are based on photometric redshifts. Van Waerbeke
et al. (2013) derive a projected mass density from the
galaxy distribution and Vikram et al. (2015) derive a
projected number density of galaxies. In both studies
the cross-correlation between the weak lensing map and
the map predicted based on the foreground galaxies is
significant and & 7− 10σ. All of these studies highlight
the promise of these combined approaches for under-
standing the matter distribution in the universe and the
way galaxies of various types trace it.
Geller et al. (2005) made an early exploration of the
use of a dense foreground redshift survey in the con-
struction of a map for comparison with weak lensing. In
contrast with earlier work, they use the velocity disper-
sion among galaxies as a function of position as a proxy
for the projected mass density. Although their resulting
maps have fairly low spatial resolution, they detected a
cross-correlation with the Deep Lens Survey lensing map
of the F2 region (Wittman et al. 2002, 2006) at the 7σ
level. Geller et al. (2005) detected the cross-correlation
not only for the full redshift range effectively imaged by
the weak lensing map but also for redshift slices.
Here we once again explore the matter distribution in
the F2 region of the Deep Lens Survey. We derive a weak
lensing map from Hyper Suprime-Cam (HSC) i-band ob-
servations in 0.5 to 0.7 arcsec seeing (in contrast with
the 0.9 arcsec seeing for the DLS map). We compare the
weak lensing map with a dense, deep foreground redshift
survey complete to R = 20.6 (Geller et al. 2014, here-
after G14) in contrast with Geller et al. (2005) who used
a redshift survey complete to R ∼ 19.7. The weak lens-
ing map and predicted maps derived from the redshifts
enables a fresh assessment of the way galaxies trace the
large-scale matter distribution at redshifts 0.1 < z < 0.7
in this four square degree patch of the universe.
We use cross-correlation of the weak lensing and red-
shift survey predicted maps as a tool for investigating
the morphological correspondence (or lack of it) among
the maps. The redshift survey enables investigation of
the cross-correlation in narrow redshift slices that eluci-
date the contribution to the weak lensing signal by rich
clusters identified with other techniques (e.g. the X-ray;
Starikova et al. 2014).
The redshift survey also sets the stage for a weak lens-
ing view of the role of massive star-forming galaxies as
tracers of the matter distribution. G14 and Geller et al.
(2016) demonstrate the increasing fraction of massive
star-forming galaxies with redshift in their surveys of the
DLS fields F2 and F1, respectively. This behavior cor-
responds to the well-studied down-sizing of star-forming
galaxies first observed by Cowie et al. (1996). Based on
the spectroscopy, we construct predicted maps for quies-
cent and star-forming galaxies and then cross-correlate
these maps with the HSC weak lensing map. Remark-
ably the significance of the cross-correlation signal in
regions around massive clusters increases with redshift,
complementing other views of the way the star-forming
galaxies trace the matter distribution in and around rich
clusters at increasing redshift.
Several investigators cross-correlate sets of weak lens-
ing peaks with a galaxy catalog (Blake et al. 2016; Choi
et al. 2016; Shan et al. 2014). This approach comple-
ments but differs from cross-correlating the entire maps.
Cross-correlating the full maps takes all of the structure
into account including, for example, low density regions
projected on the sky.
We describe the maps derived from the HSC data and
from the redshift survey in Section 2. Sections 2.2 and
2.3 discuss the construction and testing of the weak lens-
ing map and Section 2.4 describes the construction of
the predicted map from the redshift survey. We cross-
correlate the maps in Section 3. Section 3.2 focuses on
the cross-correlation in redshift slices and Section 3.3
highlights the power of weak lensing for investigating
the role of star-forming galaxies as tracers of the matter
distribution. We discuss the limitations and implica-
tions of these results in Section 4 and we conclude in
Section 5.
Unless otherwise stated, we the WMAP9 cosmological
parameters: Ωm = 0.286, ΩΛ = 0.713 and h = 0.693
(Hinshaw et al. 2013).
2. MAPS
2.1. The Data
2.1.1. HSC Imaging
We imaged a 2×2 deg2 region covering the Deep Lens
Survey (DLS) (Wittman et al. 2002) field F2 centered
at (α, δ) = (9h18m0s,+30◦00′00”) with Subaru / Hy-
per Suprime-Cam (HSC; Miyazaki et al. 2012). During
an HSC engineering run on 2014/11/30 we imaged the
field in the HSC i-band (hereafter i-band) with a 240
second exposure for each pointing. To reach a uniform
depth across the approximately 4 square degree field,
the pointings extend beyond the original boundaries of
the F2 field (Figure 1). The typical seeing for the HSC
imaging is in the range 0.5 to 0.7 arcsec.
We verified the reliability of the HSC auto guiding
system (Morokuma et al. 2008; Utsumi et al. 2012) by
observing a blank field. If the stellar images were elon-
gated as a result of failure to acquire an appropriate
guide star, we discarded and then repeated the expo-
sure.
The hscPipe system is the standard pipeline developed
for reduction and analysis of the HSC Subaru Strategic
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Figure 1. Pointing map for the HSC data. Each round col-
ored region represents a distinct pointing. The dashed box
show the original DLS F2 footprint.
Program (SSP) 1. We ran version 3.10.2 to reduce the F2
data. hscPipe de-biases the images by evaluating a bias
level from the overscan region. Trimming, flat-fielding,
cosmic ray rejection, and an astrometric solution based
on a 5th order polynomial fit to the SDSS DR9 cata-
log follow the initial de-biasing. After reducing all of
the individual chips, hscPipe improves the mosaicking
solution by fitting a 9th order polynomial to the combi-
nation of all of the chips in a grid of overlapping 1.7×1.7
deg2 square degree subregions of the F2 imaging data.
In the HSC reduction system these subregions are called
tracts.
With the resulting accurate CCD positions and flux
scaling, hscPipe warps the individual images and stacks
them by taking the arithmetic mean and rejecting de-
viant pixels. hscPipe performs photometry at each stage
of the reduction, but we only use positions and apparent
magnitudes of the galaxies from the final stacked image.
However, at each galaxy position we measure the shape
of each source from the individual exposures.
2.1.2. The SHELS Redshift Survey of the F2 Field
G14 used the Hectospec wide-field multi-object spec-
trograph (Fabricant et al. 2005) mounted on the MMT
to carry out a complete redshift survey of the F2 field
called SHELS. DLS imaging provided the photometric
catalog for the redshift survey (Wittman et al. 2002).
The redshift survey is 95% complete to a limit R =
20.6 where the magnitudes are extrapolated Kron-
Cousins R-band total magnitudes. The total area of
1 http://hsc.mtk.nao.ac.jp/
the DLS F2 field is 4.19 deg2. In approximately 5% of
the area, the photometry is corrupted by nearby bright
stars. G14 mask this area and their redshift survey thus
covers 3.98 deg2. The masked area is irrelevant for com-
parison with the weak lensing map we construct from
the HSC data because we mask the same area in the
lensing map construction.
G14 discuss the details of the spectroscopy. The total
number of galaxies in the complete survey is 12,705. The
708 galaxy candidates brighter than the magnitude limit
and without a redshift are mostly near the corners and
edges of the field (see Figure 4 of G14). Their effect on
the analysis here is negligible and we make no correction
to account for them. For each galaxy in the redshift
survey, G14 include a Dn4000 and a stellar mass. They
determined Dn4000 as the ratio of flux (in fν units) in
the 4000−4100A˚ and 3850−3950A˚ bands (Balogh et al.
1999). For the SHELS data, the typical error in the
Dn4000 (based on 1468 repeat measurements) is 0.045
times the value of the index.
The SHELS values for Dn4000 are also in essen-
tial agreement with those derived for overlapping SDSS
galaxies. Woods et al. (2010) demonstrate the Dn4000 is
useful for segregating quiescent and star-forming galax-
ies. Following Woods et al. (2010) we use Dn4000 = 1.5
as the dividing line between the two populations. Fig-
ure 2 shows the distribution of apparent magnitudes as
a function of redshift for both quiescent (Dn4000 ≥ 1.5;
upper panels) and star-forming galaxies (Dn4000 < 1.5;
lower panels).
Stellar masses for the SHELS galaxies are also avail-
able in G14. These stellar masses are derived by apply-
ing the LePhare code (Arnouts et al. 1999; Ilbert et al.
2006) to the SDSS five band photometry for galaxies in
the SHELS F2 survey. G14 note that there is a system-
atic offset between these values and the stellar masses
derived by the MPA/JHU group. After correction for
this offset, the scatter between the G14 and MPA/JHU
estimates is 0.17 dex, consistent with the error in the
two techniques. The offset is irrelevant for our analy-
sis and we simply take the stellar masses directly from
G14. The upper and lower panels of Figure 2 show the
distribution of stellar masses for the quiescent and star-
forming galaxies, respectively.
G14 (Figure 13) shows distributions of Dn4000 as a
function of redshift and stellar mass. Their display re-
veals the well-known down-sizing of star-forming galax-
ies. In other words, the fraction of massive star-forming
galaxies increases with redshift. Figure 3 summarizes
this result and shows how the fraction of star-forming
galaxies with M∗ ≥ 1010.5M increases with redshift in
the SHELS F2 survey region. The lower panel of Fig-
ure 3 shows the number of massive quiescent (red) and
star-forming (blue) galaxies as a function of redshift and
4Figure 2. Apparent magnitude distributions for galaxies in
the F2 redshift survey (panels (a) and (c)). Panel (a) shows
the distribution for quiescent objects and panel (c) shows the
distribution for star-forming objects classified on the basis of
Dn4000. Panels (b) and (d) show the distribution of stellar
masses as a function of redshift for the quiescent and star-
forming populations, respectively. The solid curve is a fit to
the effective stellar mass limit as as a function of redshift
and the dotted lines indicate the 1σ scatter in this limit.
demonstrates the impact of large-scale structure.
2.2. Measuring the Weak Lensing Shear
We follow the procedure described in Miyazaki et al.
(2015) to construct a shear catalog. Here we summarize
the procedure. We use lensfit (Miller et al. 2007; Kitch-
ing et al. 2008) to measure galaxy shapes and to derive
a reduced shear g = γ/(1 − κ) where κ is the lensing
convergence, and γ is the shear.
lensfit is a Bayesian shape measurement code that con-
structs individual galaxy models. This reduction system
Figure 3. (Top) Fractions and (Bottom) differential num-
ber counts of quiescent (red) and star forming (blue) galaxies
for stellar masses M > 1010.5M in the SHELS survey as a
function of redshift. As expected in the downsizing picture,
most massive galaxies at z = 0.2 are quiescent. At z ∼ 0.6,
∼ 50% of these massive galaxies are star-forming.
can measure shapes not only from the stacked image but
also from each exposure. To apply lensfit we first con-
struct a galaxy catalog and a star catalog. We used ”ex-
tendedness” provided by hscPipe and calculated from a
combination of second-order flux moments to separate
stars from galaxies. We reject an object if it has a bad
pixel flag. Stars have ”extendedness=0.0” and galaxies
have ”extendedness 6=0.0”. We also apply a magnitude
cut 20.0 < i < 23.0 to the star catalog, and a cut of
23 < i < 25.5 to the galaxy catalog to select background
lensed objects.
We use the star catalog to make the PSF anisotropy
correction. There are 44,446 stars stored in the star
catalog.
We apply lensfit to our initial catalog of 2,363,558
galaxies following the procedure described in Miyazaki
et al. (2015). We fit 1,248,649 galaxies successfully (fit-
class = 0 & weight > 0). We reject galaxy candidates
with fitclass 6= 0. The parameter fitclass 6= 0 if the fitting
procedure in lensfit finds that (1) the reduced χ2 ≥ 1.4
for the fit (2) the likelihood surface is badly behaved, for
example the maximum in the surface is outside the nom-
inal position error, (3) the source is blended, (4) there
are actually no data at the specified coordinate or (5)
the object is probably a star. At magnitudes i & 24, a
combination of poor signal-to-noise and resolution pre-
vents detection and classification of all of the possible
galaxy sources; thus the total counts of galaxies shown
in Figure 4 do not continue to increase at fainter magni-
tudes. Our total counts (black points in Figure 4) in the
5interval i = 23− 24.5 agree with the counts from Furu-
sawa et al. (2008) for the Suprime-Cam Subaru/XMM-
Newton Deep Survey (SXDS).
The mean magnitude for the galaxies included in
our shear catalog is 〈i〉 = 24.3 (vertical line in Fig-
ure 4). The corresponding mean source galaxy redshift
is 〈z〉 = 1.12 according to the relation derived from
the COSMOS/HST/ACS photometric redshift catalog
(Schrabback et al. 2010). The average lensed source
number density is 34 arcmin−2.
Figure 4. Number count of galaxies in the HSC images
as a function of i-band apparent magnitude. Black dots
show the counts for the total initial catalog of galaxies de-
tected (2,363,558 objects); red dots show the source galax-
ies (1,248,649 objects) with measured ellipticities. The to-
tal counts decline for i & 25 where the catalog becomes in-
complete; the corresponding counts of source galaxies turn
over at a brighter apparent magnitude because higher signal-
to-noise is necessary to measure the shape. The vertical
solid line shows the mean apparent magnitude for the source
galaxies. The five curves show deep number counts based on
Suprime-Cam imaging (Furusawa et al. 2008). The agree-
ment between the HSC and Suprime-Cam counts is excel-
lent.
The lensfit software was developed for CFHT lens-
ing measurements. The CFHT observations are much
shallower than the HSC imaging. Thus potential addi-
tive and multiplicative biases in the shear measurement
must be calibrated (Miller et al. 2013).
To check our shear catalog, we compute weighted me-
dian statistics for the reduced shear over the entire ob-
served field. The shear components, g1 and g2, are
both consistent with 0 to within the statistical error:
〈g1, g2〉 = (−0.00058,−0.00023)± (0.0006, 0.0006). This
result demonstrates that any additive bias in the shear
measurement is below the level of the statistical error
and is thus negligible for our purposes. We do not ex-
plicitly examine the impact of PSF residuals or position-
dependent additive biases as required to measure cosmic
shear; treating these effects is unnecessary for our appli-
cation.
To avoid the impact of multiplicative bias, we focus
on normalized cross-correlations to evaluate the relation-
ship between the lensing map and the foreground struc-
ture in the galaxy distribution. Because we specialize
to cross-correlation measures exclusively, we can avoid
calibrating any multiplicative bias in the lensing map.
2.3. The weak lensing map
The weak lensing map (κ) is the convergence map de-
rived from the weighted tangential shear
κ(θ) =
∫
d2φγt(φ;θ)Q(|φ|) (1)
where γt(φ;θ) is the tangential component of the shear
at position φ relative to the point θ, and Q is the weight
function
Q(θ) =
1
piθ2
[
1−
(
1 +
θ2
θ2G
)
exp
(
− θ
2
θ2G
)]
(2)
for θ < θo and Q = 0 elsewhere. Here θG is a smoothing
scale and θo is the truncation radius for the Gaussian
smoothing. In the weak lensing limit, we assume g ' γ.
Weak lensing effectively images the projected mass
distribution traced by foreground galaxies. For source
galaxies at 〈z〉 ∼ 1.12, the lensing sensitivity peaks at
z ∼ 0.4 but is broadly sensitive to the foreground struc-
ture in the redshift range 0.1 < z < 0.7 (e.g. Kaiser et al.
1998, Figure 14). Over this redshift range, the κ map
is most sensitive to haloes with masses & 1014M cor-
responding to massive galaxy clusters. These massive
haloes should correspond to high signal-to-noise peaks
in the κ map with a significance of 4-5σ for our data.
(Hamana et al. 2004).
In the actual computation of the κ map, we use gam-
sky2kap gauss v1.21.f2, a procedure that computes the
convergence map on a regular grid based on shear data
defined in the celestial (RA-Dec) frame. We use a trun-
cated Gaussian weight (Hamana et al. 2015) in the
Kaiser & Squires (1993) inversion formula that is the
basis for the map.
We evaluate the κ field on a regular θgrid = 0.15 ar-
cmin grid with a truncation radius for the Gaussian of
θo = 15 arcmin. We replace the integral in equation 1
with a summation over galaxies that takes the inverse-
variance weight provided by lensfit into account. Ini-
tially we apply this procedure to the entire region shown
in Figure 1.
2 http://th.nao.ac.jp/MEMBER/hamanatk/
6Next we trim the region of the map to the area out-
lined in the dashed box in Figure 1. This region matches
the original DLS F2 footprint. This trimming does not
affect the κ map because the truncation radius θo of the
Gaussian is much smaller than the extent of the HSC
imaging beyond the boundaries of the original F2 field.
To evaluate the significance of the convergence map,
we construct 100 individual Monte Carlo noise maps
from sets of randomly oriented lensed galaxies. We
keep the positions and absolute values of the ellipticities
fixed. If we use the Kolmogorov-Smirnov (KS) statis-
tic to compare the random realizations, the D-value is
0.007±0.002. Below we use this error in D to evaluate
the significance of the signal in the κ map.
To assess the quality of the lensing map, we construct
a B-mode map by rotating each galaxy by 45◦. Again
we preserve the galaxy positions and the absolute val-
ues of the ellipticity. The resulting map is a measure of
the systematics in the κ-map because the B mode sig-
nal should vanish in the weak lensing limit (e.g. Utsumi
et al. 2014).
To compare the B-mode map and κ map with the
random realizations, we again use the KS test. The KS
D values for the B-mode and κ maps are 0.008± 0.003
and 0.034 ± 0.004, respectively. The D-value for the
B-mode map is the same as for the set of random
maps. The effective number of pixels in both maps,
Npix(
√
2θgrid/θg)
2 = 26, 369. Thus the probability of
drawing the B-mode map from the random map is
∼36%; in contrast the probability of drawing the κ map
from the random map is ∼ 10−8%. Thus we can con-
clude that the B-mode map is consistent with being
drawn from the same distribution as the random map.
On the other hand, this test of the κ map rejects the
null hypothesis at the ∼ 6σ level.
Figure 5 shows the κ and B-mode maps. It is visually
apparent that there are several obvious peaks in the κ
map; there are none in the B-mode map.
The KS statistic tests only the distribution of pixel
values; it does not test for correlations among the values
on the sky. To test for these spatial correlations, we
cross-correlate the maps. We calculate the normalized
cross-correlation function according to the definition (e.g
Gonzalez & Woods 2002):
NCC(x, y) =
∑
i,jM1(i, j)M2(i+ x, j + y)√∑
i,j [M1(i, j)]
2
√∑
i,j [M2(i, j)]
2
(3)
where M1(i, j) and M2(i, j) are the maps. Once we
compute the cross-correlation map, we azimuthally av-
erage the radial profile and denote it as 〈C1;2〉r, where
r =
√
x2 + y2. The scaling for each M(i, j) does
not matter because the cross-correlation is normalized
by the rms value of each map. The cross-correlation
Figure 5. The HSC weak lensing (κ) map (top) and the cor-
responding B-mode map (bottom). The color bar indicates
the −1σ to 5σ range for both maps. Note the obvious peaks
in the lensing map and the essentially featureless B-mode
map.
provides a measure of the morphological similarity of
the maps. The zero-lag value of the cross-correlation,
〈C1;2〉r=0, is often used to characterize the measure.
Figure 6 shows the cross-correlation between the κ
and B-mode maps. We also show the cross-correlation
between the B-mode map and a noise map. We calculate
the error bars based on 10 sets of noise maps. The cross-
correlation amplitude 〈CE;B〉r is consistent with a null
signal to within the error. These tests confirm that the
potential systematics in the weak lensing (κ) map are
negligible for our purposes.
2.4. The predicted map
7Figure 6. The green and red lines show the radial pro-
file of the normalized cross-correlation between the κ and
B mode map and the kappa and noise maps, respectively.
These profiles provide measures of the noise in the normal-
ized cross-correlation. The blue line shows the radial profile
of the normalized cross correlation between the kappa map
and the predicted map (See Section 3.1). The normalized
cross-correlation between the κ and predicted maps is signif-
icant at the ∼ 30σ level.
We next construct a projected lensing efficiency
weighted galaxy stellar mass density map in order to
compare the matter distribution traced by the κ map
with the matter distribution traced by galaxies in the
redshift survey. The median depth of the redshift sur-
vey is z = 0.3 (G14). The redshift survey traces struc-
ture to z ∼ 0.6 and is thus reasonably well-matched to
the weak lensing sensitivity. Hereafter we call this map
derived from the redshift survey the predicted map.
Van Waerbeke et al. (2013) developed a similar ap-
proach based on photometric redshifts and Hwang et al.
(2014) used the same approach to compare cluster weak
lensing maps with dense redshift surveys. Here we cross-
correlate a predicted map derived from a dense redshift
survey with the κ map. We use the stellar mass as a
proxy for the galaxy halo mass. Although the ratio of
halo mass to stellar mass varies with stellar mass and
galaxy type, we begin by assuming a fixed overall ratio.
The spectroscopic sample is magnitude limited. Thus
at greater redshift the survey encompasses sets of in-
creasingly luminous and correspondingly massive galax-
ies. In order to construct a map that reflects the mat-
ter distribution traced by the galaxies, we weight each
galaxy by the un-sampled lower mass end of the mass
function (see Damjanov et al. (2015)). This weight is
obviously a function of redshift.
We modify the weighting procedure of Damjanov et al.
(2015) to account for (1) the scatter in the mass limit
corresponding to the stellar mass limit, and (2) we con-
struct separate weights for quiescent and star-forming
galaxies. The mass functions from Ilbert et al. (2013,
hereafter I13) are the basis for our computation. They
fit double Schechter functions to UltraVISTA survey
data to derive the mass function for log(M?/M) > 9
and z < 4. We use the double Schechter function param-
eters from their Table 2 for the 0.2 < z < 0.5 interval
appropriate to the bulk of our data.
I13 derive stellar masses using the LePhare code with
a Chabrier (2003) IMF, the same procedure we apply to
the spectroscopic sample (G14). There is a small offset
between our mass estimates and I13. For 2,300 galax-
ies in the COSMOS field, we calculate the stellar mass
using the same parameters and models we used for the
F2 stellar masses in G14. We cross-match these 2,300
galaxies with the I13 catalog and compare the two stellar
mass estimates. The galaxies we use for the comparison
have a magnitude distribution similar to the entire F2
sample. All of the comparison galaxies have Hectospec
spectroscopy, but in the I13 analysis they use photo-zs
for many of these galaxies because these redshifts were
not available. The data are nearly normally distributed,
but we clip the & 3σ tail resulting from the photozs used
by I13. The mean and standard error of the difference
in stellar masses:
logMIlbert − logMF2 = −0.039± 0.003. (4)
where MIlbert is the stellar mass from I13 and MF2 is the
F2 value. This difference is independent of the stellar
mass. To calibrate the I13 mass function to the F2 data,
we shift the values of the characteristic masses in I13
by the small difference in equation 4. The effect on
our analysis is negligible but we make a correction for
consistency.
We compute the redshift dependent weight Wz:
Wz =
∫ logMu
logMl
logM?Φ(logM?)d logM?
/
∫ logMu
logMl
logM?Φ(logM?)
1
2
×
[
erf
(
logM? − logMlim(z)√
2 log σ
)
+ 1
]
d logM?, (5)
where Φ is the Schechter function, erf(x) = 2√
pi
∫ x
0
e−t
2
dt
is the error function and logMi = log(Mi/M) with
i = (?, lim, u, l) are the logarithms of the stellar masses
in solar units. The solid red curves in Figures 2 show the
stellar mass limits, Mlim(z) that correspond to the K-
corrected magnitude limits for quiescent (upper panel)
and star-forming (lower panel) galaxies, respectively.
The dashed lines in these figures show the scatter around
the limit. The scatter log σ = log(σ?/M) for quiescent
and for star-forming is 0.21 and 0.36, respectively. Fig-
8ure 7 shows the residuals from the linear fit between the
log of the stellar mass and the limitingK-corrected abso-
lute magnitude for the redshift survey. The straightfor-
ward linear relation between the log of the stellar mass
and absolute magnitude produces residuals that follow
a Gaussian distribution supporting the adequacy of the
linear fit and the error function introduced in Eq (5).
Figure 7. Distributions of residuals from fitting the log
of the limiting stellar mass, Mlim(z), to the limiting K-
corrected absolute magnitude (Figure 2) for quiescent (top)
and star-forming (bottom) galaxies. The curve shows Gaus-
sian fits to the residuals used to derive the error functions in
Equation 5.
Equation 5 is the ratio between the total stellar mass
density in the range logMl = log(M
l
?/M) to logMu =
log(Mu? /M) that we observe (numerator) to the ob-
served portion of the mass function taking the error
in the limiting stellar mass into account (denominator).
We adopt log(M l?/M) = 8 and log(M
u
? /M) = 13 to
cover the observed range (Figure 2). Figure 8 shows
the inverse of the weight 1/Wz as a function of redshift.
The estimated effective total stellar mass for a galaxy of
mass M∗ in the magnitude-limited survey is
M tot? = M? ×Wz (6)
with the appropriate Wz for quiescent and star-forming
galaxies.
Figure 8. Redshift dependent inverse weight 1/Wz (upper
panel) for the quiescent (red) and star-forming (blue) sam-
ples from Equation 5. Relative mass weighted contribution
from each galaxy component (lower panel) for the redshift
range 0.3 to 0.35, near the median depth of the redshift sur-
vey. Note that the weighted distributions peak in the mass
range 1010.5 to 1011M and that the peaks are narrow with a
dispersion of ∼ 0.4dex. The solid lines show the contribution
weighted according to Equation 5; the dashed lines show the
directly observed contribution.
9The predicted map is a sum of the shear signals pro-
duced by each individual lensing galaxy in the fore-
ground redshift survey and covers the effective redshift
range 0.1 . z . 0.7 (Eq. 7):
κgal(θ) =
N∑
i=1
Σi(|θ − θi|)
Σcrit(z
(i)
l )
− κ¯gal (7)
where Σi is the shear signal from the i-th individual lens-
ing galaxy, Σcrit(z
(i)
l ) is the critical surface mass density
for the known lens redshift z
(i)
l for the i-th galaxy, and
κ¯gal is the mean mass density.
The shear signal from each galaxy in the redshift sur-
vey can be calculated if the position on the sky, the dis-
tance, and the mass profile are known. We assume an
NFW mass profile characterized by the total mass and
concentration (Wright & Brainerd 2000). We tacitly as-
sume that the total mass of each galaxy is proportional
to the stellar mass. We assign an NFW shear profile to
each galaxy in the spectroscopic sample with z ≤ 0.7.
At greater redshift the redshift survey is very sparse and
the weight function is large.
We adopt the mass-concentration relation calibrated
with numerical simulations in Mun˜oz-Cuartas et al.
(2011). To obtain the concentration parameter, we sim-
ply assume a constant stellar-halo mass ratio Mh/M? ∼
50 for both populations. We base this approach on the
weak lensing results of Velander et al. (2014). They ob-
tain Mh/M? ∼ 60 for quiescents with 1011M and ∼ 40
for star-forming with 1011M. The weak lensing assess-
ment of the stellar mass to halo mass ratio by Velander
et al. (2014) applies for the redshift range 0.2-0.4. Fig-
ure 8 (lower panel) shows that these values apply to the
galaxies that dominate the predicted map. At this stage
of the construction of the predicted map we ignore any
differences between the halo mass to stellar mass ratios
for quiescent and star-forming galaxies. We discuss this
issue further in Section 4.1.
To calculate the convergence for each lensing galaxy,
we compute the critical surface mass density
Σcrit =
c2
4piGDl
〈
Dls
Ds
〉−1
(8)
where 〈
Dls
Ds
〉
=
∫ ∞
zl
dznz
Dls
Ds
/
∫ ∞
zl
dzns(z), (9)
and where Dl, Dls, and Ds are angular diameter dis-
tances to the lens, to the source and between the lens to
the source. We parameterize the redshift distribution of
the sources according to
ns(z) =
β
z?Γ[(1 + α)/β]
(
z
z?
)α
exp
[
−
(
z
z?
)β]
(10)
(Hamana et al. 2009). The mean redshift of the source
galaxies is 〈zs〉 = z?Γ[(2 + α)/β]/Γ[(1 + α)/β]. We
assume α = 1.5 and β = 1 following Hamana et al.
(2009) and we adjust the mean redshift to our dataset,
〈zs〉 = 1.12 (see Section 2.2).
As discussed in Section 2.1.2, we must mask a small
region of the survey to remove regions affected by bright
stars. The mask covers . 5% of the survey area and is
the same for the κ map and for the predicted map. Here
we replace the masked regions with zero values. Finally
we smooth the map with a kernel width of 1 arcmin,
identical to the κ map.
Figure 9 shows the resulting map. Visual compari-
son of the predicted map with the κ map reveals the
morphological similarity. For example, the concentra-
tion of 3 peaks at (−20′, 30′) and a chain of structures
from (40′, 0′) to (40′,−50′) are nearly identical. A large
region centered at (−10′,−20′) and (30′,−30′) has es-
sentially no structure in either map.
3. CROSS-CORRELATING THE MAPS
Cross-correlation of the κ and predicted maps pro-
vides a quantitative measure of the correspondence be-
tween the structures revealed by the two maps (Figure
9). By construction, both maps are smoothed on the
same scale, 1 arcminute. Shape noise is intrinsic to the
κ map, but we do not include it in the predicted map
because it requires arbitrary assumptions (Section 2.4).
When we derive the predicted map, we take the lens-
ing efficiency as a function of redshift into account di-
rectly. The κ map is sensitive to structure in the range
0.1. z . 0.7. However, the predicted map may not in-
clude all of the relevant structures that contribute to the
lensing signal, particularly at redshifts & 0.6. Although
the redshift survey extends to z ∼ 0.7, the sampling
density is so low that even massive clusters may not be
sampled well enough to appear as significant peaks in
the predicted map.
In Section 3.1 below we investigate the contribution of
individual redshift slices to the cross-correlation signal.
Finally, in each redshift slice, Section 3.3 examines the
matter distribution traced by massive quiescent galaxies
and by massive star-forming galaxies.
3.1. Comparing the κ Map and the Predicted Map
Figure 6 shows the azimuthally averaged cross-
correlation (Equation 3) between the κ and predicted
maps. The amplitude at zero-lag reflects the impact of
shape noise on the weak lensing map as well as the fail-
ure to sample structure at high redshift. We determine
the error in the cross-correlation by cross-correlating the
predicted map with 10 sets of 100 random maps and then
computing the standard deviation among the radial pro-
files. The cross-correlation between the κ map and the
predicted map is significant at the 30σ level.
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Figure 9. The HSC κ map (top) and the predicted map
(bottom). The color bar for the κ map covers the range −1σ
to 5σ. For the predicted map the color bar shows the range
-1σ to 10σ. Note, for example, the correspondence of peaks
at (∆α,∆δ) ∼ (−20′,−30′) and the essentially signal-free
region centered at (∆α,∆δ) ∼ (−10′,−20′) and (30′,−30′).
The significance of the cross-correlation we measure is
a substantial improvement over previous results (Kaiser
et al. 1998; Wilson et al. 2001; Geller et al. 2005; Van
Waerbeke et al. 2013; Vikram et al. 2015). The main rea-
sons for the improvement are (1) the depth and seeing
of the HSC observations and (2) the depth and density
of the redshift survey. Geller et al. (2005) is the only
previous comparison based on a dense redshift survey.
They used local velocity dispersion rather than galaxy
stellar mass density as a proxy for the surface mass den-
sity. They detected the cross-correlation between the κ
and velocity dispersion map at the 6.7σ level. The red-
shift survey was shallower and the spatial resolution of
the velocity dispersion map was only 2.5 arcmin, com-
parable with the DLS map based on a source density of
∼ 14 arcmin−2.
Kaiser et al. (1998) based their cross-correlation on a
supercluster region using photometric properties of red
galaxies only; their source number density and median
seeing are similar to ours. The significance of their cross-
correlation between the κ and photometric comparison
map is 9σ for a map with a smoothing scales of 45 arc-
sec. Wilson et al. (2001) cross-correlate a weak lensing
map with the foreground distribution of red galaxies in
a more general region, more comparable with the DLS
F2 region. They detected the zero-lag cross-correlation
at the 5.2σ level. Van Waerbeke et al. (2013) cross-
correlated their κ map of a 154 deg2 region surveyed
for the Canada-France-Hawaii Telescope Lensing Survey
(CFHTLenS) with a predicted map based on photomet-
ric redshifts. They computed the stellar mass of central
galaxies and assigned a standard halo mass ratio. Their
zero-lag cross-correlation has an amplitude of ∼ 0.12
for a 1.8 arcmin smoothing corresponding to a ∼ 10σ
significance. Most recently Vikram et al. (2015) cross-
correlated a κ map based on 139 deg2 imaging of Dark
Energy Survey (DES) science verification data with the
foreground distribution of galaxies (Chang et al. 2015).
They use number density rather than mass density to
characterize their foreground map. They also use pho-
tometric redshifts. The statistical significance of their
cross-correlation is 6.8σ level with 20arcmin smoothing.
The region we cover is only 4 deg2. Nonetheless the
comparison between the κ map and the predicted map
yields a 30σ amplitude for the zero-lag cross-correlation
signal. The high signal-to-noise for this small region is
a consequence of the HSC imaging and the dense fore-
ground redshift survey. The predicted map is undiluted
by background sources because we construct it from a
redshift survey rather than from a purely photometric
catalog. The average density of the redshift survey is 1
galaxy arcmin−2. The κ map is probably not strongly
contaminated by foreground sources because the depth
of the HSC imaging enables use of exclusively faint
galaxies for constructing the map. These source galaxies
are so faint that they are very unlikely to be members of
foreground clusters. Okabe et al. (2010) estimate that
the foreground contamination should be ∼ 10% by mass
even in the background of a rich cluster.
The width of the cross-correlation is a measure of the
typical scale of the large-scale structure reflected in the
maps. The full-width half-maximum is ∼6 arcmin, cor-
responding to a physical scale of ∼1.6 Mpc at the me-
dian depth of the redshift survey, z ∼ 0.3. This scale
is comparable with the scale of rich clusters of galaxies
and suggests that they dominate the cross-correlation as
expected. We next explore the impact of these systems
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in more detail by cross-correlating the κ map with slices
through the redshift survey.
3.2. The κ Map and Slices of the Redshift Survey
Figure 10. Zero-lag cross-correlation as a function of red-
shift between the κ map and the total predicted map (green),
between the κ map and the quiescent predicted map (red)
and between the κ map and the predicted star-forming map
(blue). The redshift slices have a width dz = 0.05. Dotted
lines indicate massive independently identified X-ray clusters
from Starikova et al. (2014) with masses M500 & 1014M.
The correspondence of the peaks reinforces the importance
of the contribution of these massive systems to the weak
lensing signal.
To explore the impact of structures at different red-
shifts, we bin the redshift survey in slices with a width
dz = 0.05. For each redshift slice, we repeat the pro-
cedure in Section 2.4 to construct a set of predicted
maps. We then compute the value of the zero-lag cross-
correlation for each subsample.
Figure 10 shows the zero-lag cross-correlation as a
function of redshift. We note that this comparison is
insensitive to the redshift dependent weight Wz because
we use the normalized cross-correlation function defined
in Equation 3 which is essentially independent of the
amplitude of the maps.
Figure 10 shows peaks in the ranges 0.25 < z <
0.3, 0.3 < z < 0.35, 0.4 < z < 0.45 and 0.5 < z < 0.55.
At these redshifts, Kubo et al. (2009), Abate et al.
(2009), Geller et al. (2010), Starikova et al. (2014), Ut-
sumi et al. (2014), and Miyazaki et al. (2015) identify
clusters in the F2 region. Massive X-ray clusters are
concentrated at three redshifts (z ∼ 0.30 (2 clusters)
, z ∼ 0.43 (2 clusters), and z ∼ 0.53 (3 clusters))
and their masses derived from X-ray observations are
M500 & 1× 1014M (Starikova et al. 2014). All of these
Figure 11. Redshift slice of the predicted map in the range
0.35 < z < 0.40 where there is no peak in Figure 10. The
cross-correlation signal in this redshift range originates for
the many low lying peaks that trace the large-scale structure
in this slice. Note that the range of the color bar is only
∼ 20% of the range in the predicted map of Figure 9. This
range corresponds to −1σ to 10σ for this map.
X-ray clusters are detected in the redshift survey and
in other weak lensing observations. The vertical dashed
lines in Figure 10 indicate the redshifts of these mas-
sive X-ray clusters; the correspondence with the lensing
peaks is impressive. As suggested by the width of the
overall cross-correlation (Figure 10), the amplitude of
the zero cross-correlation is maximum in redshift inter-
vals that contain massive clusters of galaxies.
The zero-lag cross-correlation signal remains signifi-
cant over the redshift range 0.1 < z < 0.7 at & 3σ
for both the total and quiescent maps. However for
the maps derived from the star-forming population at
z & 0.6, the zero-lag cross-correlation signal is not sig-
nificant because the redshift survey becomes sparse. The
cross-correlation signal off the obvious peaks originates
from lower mass groups that trace the large-scale of
the universe. For example, Figure 11 shows the pre-
dicted map for the redshift slice 0.35 < z < 0.4. The
many low-lying peaks correspond to groups of galaxies in
the redshift range. The situation for the redshift range
0.1 < z < 0.2 is similar; the survey contains no massive
clusters in this redshift range and is dominated by lower
mass groups and large low density regions.
3.3. The Contribution of Star-Forming Galaxies to the
κ Map
In previous work, most investigators have concen-
trated on the way quiescent red galaxies trace the matter
distribution in the universe. Because we have a complete
redshift survey, we can use it in combination with the κ
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map to examine the contribution of massive star-forming
galaxies to the weak lensing signal. This investigation is
interesting because it is now well-known that the typi-
cal masses of star-forming galaxies decline with redshift
(e.g. Figure 13 in G14) This downsizing (Cowie et al.
1996; Bundy et al. 2006) is a more general manifestation
of the original Butcher-Oemler effect (Butcher & Oem-
ler 1984) where the abundance of star-forming galaxies
increases with redshift within the central regions of clus-
ters at redshifts . 0.5. Here we investigate the possible
impact of these effects on the relationship between the
κ map and the predicted map.
We divide the galaxy sample into quiescent
(Dn4000 ≥ 1.5) and star-forming (Dn4000 < 1.5)
subsets. For each subset we construct predicted maps
as described in Section 2.4. We then compute the value
of the zero-lag cross-correlation for each subset.
Figure 10 also shows the value of the zero-lag cross-
correlation between the κ and the predicted maps for
quiescent and star-forming subsamples as a function of
redshift. The zero-lag cross-correlation for the quies-
cent subset is nearly the same as the amplitude for
the total sample. Thus quiescent galaxies are reason-
able tracers of the mass distribution in the universe for
z . 0.7. However, star-forming galaxies play an inter-
esting role. In general Figure 10 shows that the zero-lag
cross-correlation amplitude between the κ and the star-
forming predicted maps increases with redshift in bins
where there are massive clusters. The significance of the
cross-correlation for the star forming galaxies increases
from ∼ 5σ at 0.25 < z < 0.3 to ∼ 7σ at 0.5 < z < 0.55.
Two examples of predicted maps at 0.25 < z < 0.3
and 0.5 < z < 0.55 for quiescent and star-forming (Fig-
ure 12 and 13) underscore the striking relative behavior
of quiescent and star forming galaxies as tracers of the
matter distribution in slices where there are massive sys-
tems.
In Figure 12, there are two prominent peaks at
(−20′,−30′) in the quiescent map corresponding to the
components of the rich cluster A781 at z ∼ 0.30. These
peaks are hardly visible in the star forming map.
In Figure 13, a chain of structures from (40′, 0′) to
(40′,−50′) is visible clearly in both the quiescent and
star-forming maps with somewhat different morphology.
There are three massive X-ray clusters in this region
(Utsumi et al. 2014; Starikova et al. 2014). Star-forming
galaxies populate both the clusters and the surrounding
region.
The result here is related to the increasing fraction
of massive star-forming galaxies as a function of red-
shift (Figure 3), but it is an independent measurement
of their impact as tracers of the large-scale matter distri-
bution in the universe. The normalized cross-correlation
measures the morphological similarity of the distribu-
Figure 12. Redshift slices of the predicted map for quies-
cent (top) and star-forming (bottom) galaxies in the redshift
range 0.25 < z < 0.30 containing the rich cluster complex
A781 (∆α,∆δ) ∼ (−20′,−30′). Note the prominence of the
cluster in the quiescent map and its near absence in the
star-forming map. This behavior corresponds to the ratio
of cross-correlation amplitudes in Figure 10.
tions of massive quiescent and star-forming galaxies.
The correspondence between the distributions increases
with redshift in regions surrounding massive clusters.
In regions dominated by groups of galaxies the signal in
the lensing map is similar for star-forming and quiescent
galaxies throughout the redshift range. Although red
galaxies are good tracers of the matter distribution for
z . 0.7, these results imply that massive star-forming
galaxies must be taken into account for larger redshifts.
The comparison among these maps provides a first weak
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Figure 13. Same as Figure 12 but for the 0.50 < z < 0.55
slice that also contains rich clusters. The upper map is
for quiescent galaxies and the lower map is for star-forming
galaxies. Here the clusters and their surroundings are ev-
ident in both maps. The corresponding amplitude of the
cross-correlation for the star-forming map is correspondingly
a larger fraction of the total signal in Figure 10.
lensing view of the downsizing of star-forming galaxies
and their relationship with the large-scale structure.
4. DISCUSSION
4.1. Limitations of the κ Map Comparison
Cross-correlation between the κ and predicted maps
is a powerful tool for exploring the relationship between
the galaxy and matter distributions as a function of red-
shift and galaxy properties. However the comparison is
limited to relative rather than absolute measures be-
cause we lack an absolute calibration for the maps.
We construct the predicted map by assuming that
the redshift distribution of the lensed sources matches a
parametric model based on photometric redshifts from
VIRMOS-DESCARTES (Van Waerbeke et al. 2002;
Semboloni et al. 2006). In this model the mean source
redshift is 1.12. (Sections 2.2, 2.4). Ambiguity in the
mean source redshift and in the distribution around the
mean act as a constant multiplicative bias. As a result
of this limitation extraction of the galaxy stellar-to-halo
mass ratio from the relationship between the κ map and
the predicted map is not currently possible with these
data.
In constructing the predicted map we use stellar mass
as a proxy for the total galaxy mass because we can
measure the stellar mass from the combination of SDSS
photometry and the F2 redshift survey data. When we
cross-correlate the maps we effectively assume a con-
stant stellar-to-halo mass ratio for all of the objects that
contribute to the map.
We represent each galaxy with an NFW profile with a
concentration appropriate to the typical stellar-to-halo
mass ratio for objects in the stellar mass range covered
by the redshift survey. The predicted map is insensitive
to variations in this choice because the smoothing scale
of the map is of 1 arcmin, vastly larger than the scale of
an individual galaxy.
To segregate the galaxy populations we use the spec-
tral indicator Dn4000. This indicator has been used by
many previous investigators to demonstrate the down-
sizing of the star-forming galaxy populations (Bundy
et al. 2006; Roseboom et al. 2006; Moresco et al. 2010,
2013). Moresco et al. (2013) investigate the sensitiv-
ity of the sample of star-forming galaxies to definitions
based on spectroscopic or photometric indicators. They
show that the segregation of massive galaxies like those
we consider is insensitive to the particular method of
identifying the star-forming population.
Because the redshift survey is magnitude limited, it
becomes progressively more sparse at greater redshift.
In effect the spatial resolution of the predicted map is
low for redshifts & 0.6. This limitation means that there
may well be structure in the weak lensing map that has
no counterpart in the predicted map simply because the
predicted map does not cover a sufficiently large redshift
range. This limitation is actually apparent in Figure 10
where the signal becomes insignificant at z ∼ 0.6. This
behavior reflects the limitation of the predicted map and
is unlikely to be astrophysical. A deeper redshift survey
densely sampling the range 0.6 . z . 1 could provide a
more complete view of the contribution of star-forming
galaxies to the weak lensing signal.
4.2. The Role of Star-Forming Galaxies
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The role of star-forming galaxies as tracers of the mass
distribution has been explored previously by calculat-
ing two point correlation functions for quiescent and
star-forming galaxies (Zehavi et al. 2002; Norberg et al.
2002; Zehavi et al. 2005; Coil et al. 2008; Skibba et al.
2014; Farrow et al. 2015). Zehavi et al. (2002), Nor-
berg et al. (2002), and Zehavi et al. (2005) compute
two point correlation functions at low redshift. They
find that brighter, redder and more massive galaxies are
more strongly clustered. Coil et al. (2008) extend the
correlation function analysis to z ∼ 1. In their anal-
ysis of the DEEP2 redshift survey, Coil et al. (2008)
show that quiescent galaxies are more strongly clustered
than blue objects at this redshift also. In the context
of our results, it is interesting that Coil et al. (2008)
compute projected two-point correlation functions for
the most luminous (and probably most massive) blue
galaxies and find a steep rise on small scales possibly
reflecting their presence as central galaxies within par-
ent dark matter haloes. However, Coil et al. (2008) also
argue that the relation between galaxy color and den-
sity z ∼ 1 is comparable with the relation at the current
epoch seeming to contradict the increasing lensing signal
we observe. Although color selection is not the same as
our spectral division of the galaxy population, Hurtado-
Gil et al. (2016) find similar results based on spectral
classification.
Only a small fraction of galaxies reside in the cores
of rich clusters and the weak lensing signal we detect,
particularly at the cross-correlation peaks (Figure 10),
is most sensitive to these massive systems. Thus direct
observation of the evolution of the galaxy population
in clusters is probably more closely related to our re-
sults than the two-point correlation function analyses.
In a search for obscured star-forming members of clus-
ters in the redshift range 0.2-0.83, Saintonge et al. (2008)
study the mid-infrared properties of 1315 spectroscopi-
cally confirmed cluster members. They find a substan-
tial increase in the fraction of cluster galaxies with mid-
infrared star formation rates & 5M yr−1 from 3% at
z = 0.02 to 13% at z = 0.83. Inclusion of optically
identified star-forming galaxies increases the star form-
ing fraction at z = 0.83 to ∼ 23%. For comparison with
our lensing results, an interesting conclusion of Sain-
tonge et al. (2008) is that the increase in the fraction of
star-forming galaxies persists for the most massive clus-
ter members with masses & 1010.5M. This stellar mass
range overlaps the range that contributes most strongly
to our predicted maps.
Brodwin et al. (2013) extend Spitzer 24 µ surveys of
cluster members to z ∼ 1. They show that at z > 1
clusters have substantial star formation activity at all
radii including the cluster core. Koyama et al. (2008)
found similar behavior for 15µ detected sources in and
around a cluster at z ∼ 0.81. Figure 13 appears to show
similar behavior for massive star-forming galaxies in the
region around the massive X-ray clusters in our survey at
z ∼ 0.53. These and other observations underscore the
changing role of massive star-forming galaxies in clus-
ters with cosmic time. Their role becomes increasingly
significant in the higher redshift universe. In contrast,
our lensing observations reveal no difference in the sig-
nal from the star-forming and quiescent populations in
ranges dominated by lower mass groups. This result
may reflect the previously observed dependence of the
evolution of star-formation activity in massive galaxies
on the mass of the system where they reside. For exam-
ple, Erfanianfar et al. (2014) show that star-formation
activity decreases more rapidly toward low redshift in
more massive systems of galaxies. It is also possible
that our result merely reflects the relative insensitivity
of the lensing signal to differences in the distribution
of objects around less massive, more poorly populated
systems.
In lensing investigations, the star-forming population
has largely been ignored. However, recently Velander
et al. (2014) used the CFHTLenS weak lensing survey
to evaluate the stellar-to-halo mass of both quiescent
and star-forming galaxies. The typical stellar mass to
halo mass ratio is a factor of 0.8–2 greater for quiescent
galaxies with 10.5 . log(M?/M) . 11.5.
When we compute the normalized zero-lag cross-
correlation amplitude for the entire predicted map, we
effectively assume a single stellar mass to halo mass ra-
tio for all of the galaxies. In this approach we obviously
underestimate the contribution of quiescent objects and
overestimate the contribution of star-forming objects.
One of the strengths of the cross-correlation approach
is that when we segregate the populations, the relative
amplitudes of the zero-lag cross-correlation are indepen-
dent of the average difference in stellar mass to halo
mass ratio. Thus the increase with redshift of the zero-
lag cross-correlation amplitude for star-forming relative
to quiescent galaxies is independent of differences in the
stellar mass to halo mass ratio.
The weak lensing maps we explore (Section 3.3) thus
show another view of the evolution of star-forming
galaxies in the universe. This picture of the way they
trace the evolving matter distribution in the universe
complements the view provided by correlation function
analysis and detailed observations of rich clusters. The
signal we observe may be dominated by the changing
population of galaxies in and around massive clusters.
Although the comparison we make here extends only to
z ∼ 0.6, Figure 10 suggests a continuing increase in the
star-forming galaxy contribution to the cross-correlation
signal at even greater redshift. Lensing maps derived
from HSC data have the potential to detect structure at
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z ∼ 1. One of the potentially important future applica-
tions of these maps is the calibration of both quiescent
and star-forming galaxies as tracers of the matter dis-
tribution.
5. CONCLUSION
We use an HSC weak lensing map and a predicted map
derived from a dense redshift survey as cosmographic
tools to explore the way galaxies trace the matter dis-
tribution in the universe. The resolution of the lensing
map and the density and completeness of the redshift
survey enable separation of the lensing signal from mas-
sive quiescent and star-forming galaxies. This separa-
tion provides a view of the evolution of the mass content
of star-forming galaxies as a function of redshift that
complements other approaches to studying the down-
sizing of star-forming galaxies.
The Subaru/HSC i-band imaging of DLS F2 field pro-
vides a weak lensing (κ) map based on sources with an
average surface number density of ∼30 arcmin2. The
resulting map has an effective resolution of ∼ 1 arcmin.
We construct a predicted lensing map from a complete
spectroscopic survey of the F2 field including 12,705
galaxies with R ≤ 20.6. We use the known stellar masses
of the individual galaxies as a proxy for the total halo
mass; in effect we construct a total predicted map by
assuming an average halo to stellar mass ratio. The
primary contribution to the predicted map comes from
galaxies in the stellar mass range ∼ 1011M where the
galaxy-galaxy lensing measurements of Velander et al.
(2014) suggest that our assumption of an essentially con-
stant halo mass to stellar mass ratio is reasonable. We
weight the map to account for the unobserved low mass
portion of the galaxy stellar mass function.
Cross-correlation is a powerful technique for assessing
the relationship between the structure in the κ and pre-
dicted maps. We first cross-correlate the total predicted
map with the κ map and detect the zero-lag normal-
ized cross-correlation signal at the 30σ level. The width
of the normalized cross-correlation exceeds the smooth-
ing scale and is similar to the scale of a typical mas-
sive galaxy cluster at z ∼ 0.3. The width of the cross-
correlation peak thus suggests that the signal originates
largely from massive systems of galaxies.
We explore the impact of structure as a function of
redshift by binning the redshift survey into slices with
a width of dz = 0.05. The zero-lag normalized cross-
correlation has significant local maxima at redshifts co-
inciding with those of known massive clusters detected
independently as X-ray sources. Even in redshift slices
where there are no known massive galaxy clusters, there
is still significant signal in the cross-correlation at & 3σ
level. This residual signal originates from lower mass
groups that trace the large-scale of the universe.
The spectroscopy enables identification of samples of
quiescent galaxies and star-forming galaxies based on
the widely used spectral indicator Dn4000. We con-
struct predicted maps based on these samples. The nor-
malized cross-correlation signal from quiescent galaxies
is consistent with the signal for the total sample. This
conclusion supports previous studies that use red galax-
ies only to interpret weak lensing maps.
The cross-correlation between the κ map and pre-
dicted maps derived for the star-forming population re-
veals both the increasing fraction of massive galaxies
that are star-forming galaxies and the increasing pres-
ence of these massive star-forming galaxies within clus-
ters at greater redshift. The significance of the zero-lag
amplitude of the star-forming cross-correlation increases
with redshift from ∼ 5σ at z = 0.3 to ∼ 7σ at z = 0.5.
The predicted maps provide striking qualitative confir-
mation of the behavior of the cross-correlation.
The comparison between the κ and predicted maps is
limited to redshifts . 0.6 by the depth of the redshift
survey. The weak lensing map probably contains signal
from structure to z ∼ 1. Deeper redshift surveys com-
bined with similar weak lensing maps should reveal the
contribution of star-forming galaxies as tracers of the
matter distribution in this higher redshift range where
star-forming galaxies begin to dominate the population
in massive galaxy clusters.
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